The three tandemly arranged CBF genes, CBF1, CBF2, and CBF3, are involved in cold acclimation. Due to the lack of stable lossof-function Arabidopsis (Arabidopsis thaliana) mutants deficient in all three CBF genes, it is still unclear whether the CBF genes are essential for freezing tolerance and whether they may have other functions besides cold acclimation. In this study, we used the CRISPR/Cas9 system to generate cbf single, double, and triple mutants. Compared to the wild type, the cbf triple mutants are extremely sensitive to freezing after cold acclimation, demonstrating that the three CBF genes are essential for cold acclimation. Our results show that the three CBF genes also contribute to basal freezing tolerance. Unexpectedly, we found that the cbf triple mutants are defective in seedling development and salt stress tolerance. Transcript profiling revealed that the CBF genes regulate 414 cold-responsive (COR) genes, of which 346 are CBF-activated genes and 68 are CBF-repressed genes. The analysis suggested that CBF proteins are extensively involved in the regulation of carbohydrate and lipid metabolism, cell wall modification, and gene transcription. Interestingly, like the triple mutants, cbf2 cbf3 double mutants are more sensitive to freezing after cold acclimation compared to the wild type, but cbf1 cbf3 double mutants are more resistant, suggesting that CBF2 is more important than CBF1 and CBF3 in cold acclimation-dependent freezing tolerance. Our results not only demonstrate that the three CBF genes together are required for cold acclimation and freezing tolerance, but also reveal that they are important for salt tolerance and seedling development.
Low temperatures limit the geological distribution and growing season of plants. The freezing tolerance of Arabidopsis (Arabidopsis thaliana) and other plants from temperate regions can be increased by a prior exposure to low, nonfreezing temperatures, a process known as cold acclimation (Guy, 1990; Thomashow, 1999; Chinnusamy et al., 2003; Knight and Knight 2012) . Cold acclimation is a complex process that involves extensive physiological, biochemical, and metabolic changes (Chinnusamy et al., 2007; Medina et al., 2011) . These include changes in the stability of membranes and cytoskeleton (Nishida and Murata, 1996; Thalhammer and Hincha, 2014) and the production of cryoprotective proteins and of low M r cryoprotectants, such as Suc, raffinose, and Pro (Thomashow, 1999; Cook et al., 2004; Guy et al., 2008) . Most of these changes in response to low temperatures are the result of cold-responsive gene expression (Cook et al., 2004; Hannah et al., 2005; Maruyama et al., 2009) .
The molecular basis of cold acclimation has been extensively studied over the last two decades. In Arabidopsis, three C-repeat binding factors (CBFs), including CBF1, CBF2, and CBF3 (also known as DREB1b, DREB1c, and DREB1a, respectively), play important roles in cold acclimation (Stockinger et al., 1997; Jaglo-Ottosen et al., 1998; Liu et al., 1998; Medina et al., 1999; Gilmour et al., 2004) . When Arabidopsis plants are exposed to low temperature (4°C), CBF genes are rapidly and transiently induced and generally reach their maximal level of expression after 1 to 2 h of cold treatment Zarka et al., 2003; Novillo et al., 2004) . CBF genes encode AP2/ERF (APETALA2/Ethylene-Responsive Factor)-type transcription factors that specifically bind to the C-repeat (CRT)/dehydration-responsive element (DRE; G/ACCGAC) and regulate the expression of downstream cold-responsive (COR) genes (Stockinger et al., 1997; Liu et al., 1998; Sakuma et al., 2002 ). An analysis of gene expression data sets derived from low temperature-treated plants detected 2,637 COR genes, of which 172 were induced or repressed by overexpression of at least one CBF gene . Among these 172 COR genes, which were designated as CBF regulon genes, 133 are CBF-activated and 39 are CBF-repressed. The number of CBF regulon genes accounts for only 6.5% of the total number of COR genes, which suggests that CBF proteins regulate only a small portion of COR genes and that other transcription factors are also involved in the regulation of COR genes. Park et al. (2015) recently found that, in parallel with CBF genes, 27 other "first-wave" transcription factor genes were also highly up-regulated (.2-fold) at an early stage of cold treatment. Analysis of gene expression in transgenic plants overexpressing 11 of these first-wave transcription factors identified five proteins (HSFC1, ZAT12, ZF, ZAT10, and CZF1) that are also involved in the regulation of COR genes; more importantly, some COR genes were found to be coordinately regulated by two or more first-wave transcription factors (Vogel et al., 2005; Park et al., 2015; Zhao et al., 2015) . These results suggest that COR genes are regulated by a complex low-temperature regulatory network.
Since the three CBF proteins show very high sequence similarity (86% identity), the extent of functional redundancy of CBF proteins is an intriguing question. An analysis of the CBF regulon genes controlled by each of the three CBF proteins showed that they regulate very similar gene sets , suggesting that the three CBF proteins are redundant in the regulation of COR genes. However, distinct functions for the three CBF genes have also been implicated. First, the expression patterns of CBF1 and CBF3 differed from that of CBF2 during development and in response to low temperature (Novillo et al., 2007) . At early stages of development, CBF1 and CBF3 genes were specifically expressed in roots, hypocotyls, and cotyledons, whereas CBF2 was expressed in hypocotyls, cotyledons, and in the first and second pairs of leaves, but not in roots. When plants were exposed to low temperatures, all three CBF genes were expressed in leaves, sepals, and siliques, but CBF2 was also expressed in stems (Novillo et al., 2007) . Second, CBF1 and CBF3 reach their expression peak at around 1 h after low-temperature treatment. However, it takes approximately 2 h for CBF2 gene to reach its maximal expression level (Novillo et al., 2004) . Moreover, a cbf2 T-DNA insertion mutant showed increased tolerance to freezing before and after cold acclimation, which is largely due to increased expression of CBF1 and CBF3 in the cbf2 mutant. These results suggested that CBF2 is a negative regulator of CBF1 and CBF3 expression (Novillo et al., 2004) . How CBF2 may negatively regulate the expression of CBF1 and CBF3, however, is still unknown. In contrast, CBF1 or CBF3 RNAi lines and CBF1/CBF3 antisense lines were defective in cold acclimation. In these RNAi and antisense lines, the expression of CBF2 was not affected, suggesting that CBF1 and CBF3 are not involved in regulating the expression of other CBF genes (Novillo et al., 2007) . Together, these results indicate that the functions of CBF1 and CBF3 in freezing tolerance are more similar to each other than to that of CBF2.
To date, researchers have only reported a T-DNA insertion line of cbf2 (T-DNA was inserted in the promoter region of CBF2), RNAi lines of CBF1 and CBF3, and antisense lines of CBF1/CBF3 (Novillo et al., 2004 (Novillo et al., , 2007 . The lack of additional, stable, loss-of-function cbf mutants, especially a cbf triple mutant, limits our ability to fully understand the roles of the three CBF genes in freezing tolerance and to assess the functional redundancy among the three CBF proteins. The three CBF genes are linked in tandem on chromosome 4 of Arabidopsis, which makes it almost impossible to obtain cbf double and triple mutants using traditional genetic methods. Obtaining these mutants is now possible, however, with the newly developed CRISPR/ Cas9 technology. The CRISPR/Cas9 system can be used to efficiently edit target genes in a variety of organisms, including plants (Gaj et al., 2013; Mao et al., 2013) . A multiplex CRISPR/Cas9 system was recently developed that allows the coexpression of multiple single-guide RNA (sgRNA) modules in one binary vector, which consequently enables the simultaneous edition of multiple genes .
In this study, we used the CRISPR/Cas9 system to generate cbf single, double, and triple mutants. We analyzed the phenotypes of the cbf triple mutants in terms of development, freezing tolerance, chilling tolerance, and tolerances to other abiotic stresses. Using RNA-seq data derived from low temperature-treated wild-type plants and the cbf triple mutants, we analyzed the COR genes that are regulated by CBF proteins. Furthermore, by comparing cbf single, double, and triple mutants, we investigated the extent of redundancy of the three CBF proteins in freezing tolerance and regulation of COR genes.
RESULTS

Generation of cbf Triple Mutants
To generate cbf triple mutants, we explored the CRISPR/Cas9 system. Four sgRNAs targeting the promoter region and 39 untranslated region (UTR) of CBF1 and the coding sequence (CDS) regions of CBF2 and CBF3 were designed and ligated in one binary vector, which was transformed into wild-type Col-0 to edit CBF genes (Fig. 1) . In the T1 generation, approximately 40 hygromycin-resistant plants were individually collected. In the T2 generation of these plants, we screened for mutants that showed deletion of all three CBF genes by using PCR and Sanger sequencing. We identified two independent mutant lines, named cbf123-1 and cbf123-2, in which CBF1, CBF3, and partial CDS region of CBF2 were deleted. In cbf123-1, the sequence starting from the promoter region (216 bp upstream of ATG) of CBF1 to the 290 bp of the CDS region of CBF2 was deleted. For cbf123-2, the sequence starting from the promoter region (227 bp upstream of ATG) of CBF1 to the 290 bp of the CDS region of CBF2 was deleted (Fig. 1A) . To confirm the deletion of the three CBF genes in the cbf triple mutants, we examined their transcript levels. After 2 h low-temperature (4°C) treatment, the expression of the three CBF genes was highly up-regulated in wild-type plants but was not induced in either of the cbf triple mutant lines (Fig. 1B) , indicating that all three CBF genes were abolished in the cbf triple mutants.
CBF Genes Affect Seed Germination and Early Development
Overexpression of CBF genes retards plant growth and delays flowering (Gilmour et al., 2004; Park et al., 2015) . To further investigate whether CBF genes contribute to plant development, we assessed the germination, growth, and flowering of the cbf triple mutants. For the germination assay, seeds were sown on Murashige and Skoog (MS) medium and stratified at 4°C for 3 d before they were transferred to a 23°C growth chamber; germination was assessed after 2 d. The germination rate of both cbf triple mutant lines was significantly lower than that of the wild type (Fig. 1C) . To exclude the possibility that the decreased germination rate of the cbf triple mutants resulted from the stratification at 4°C for 3 d, we directly transferred the plates to 23°C without stratification before assessing germination. Similarly, the germination rate was significantly lower for the cbf mutants than for the wild type. These results suggest that CBF genes are required for optimal seed germination.
We observed the growth of seedlings on MS medium and found that the root growth was slightly slower for the cbf triple mutants than for the wild type (Fig. 1D ). For seedlings in soil, growth was also slower for the cbf triple mutants than for the wild type (Fig. 1, E and F) . Growth phenotypes of the cbf triple mutants generated using the CRISPR/Cas9 system. A, Diagram showing that four sgRNAs targets were used in the CRISPR/Cas9 system to generate cbf triple mutants. Two independent cbf triple mutant lines with the deletion of large fragments were obtained. B, Accumulation of CBF1, CBF2, and CBF3 transcripts in plants that were treated with low temperature (4˚C) for 2 h. Transcript accumulation was assessed by quantitative real-time RT-PCR, and ACTIN8 was used as the internal control. Error bars indicate the SD of three biological replicates. C, Germination rate of Col-0, cbf123-1, and cbf123-2. Seeds were sown on MS medium and placed in the incubator at 23˚C, and germination was assessed after 2 d. D, Seedlings of Col-0, cbf123-1, and cbf123-2 grown on MS medium. Seeds were germinated on MS medium, and after 3 d, seedlings were transferred to new MS medium for further growth. Seedlings were photographed after 8 d of growth. E, Growth phenotype of Col-0, cbf123-1, and cbf123-2. Plants were grown in a greenhouse at 23˚C and with a 15-h-light/9-h-dark regime. Plants were photographed after 4 weeks of growth. F, Morphological phenotype of the leaves of 4-week-old Col-0, cbf123-1, and cbf123-2 plants. G, Number of leaves produced per Col-0, cbf123-1, and cbf123-2 plant after the plants were grown in soil forSpecifically, rosette leaf number and size were smaller and whole plant fresh weight was lower for the cbf triple mutants than for the wild type (Fig. 1, G-I ). These results suggest that CBF genes contribute to seedling development and growth in Arabidopsis. However, flowering time was not significantly affected in the cbf triple mutants (Fig. 1J) .
CBF Genes Play a Minor Role in Chilling Tolerance
Although CBF genes are known to be involved in freezing tolerance, whether they are also involved in chilling tolerance is unclear. We therefore investigated the chilling phenotype of the cbf triple mutants. After seedlings were grown on MS medium at 4°C for 2 months, root length of the cbf triple mutants was not shorter compared to that of the wild type (Supplemental Fig.  S1 , A and B). After seedlings were grown for 3 months on MS medium at 4°C, rosette leaf number was fewer but petioles were longer for the cbf triple mutants than for the wild type (Supplemental Fig. S1 , C and D). The growth of plants in soil at 4°C was also observed, which showed that the growth rate and flowering time did not significantly differ between the cbf triple mutants and the wild type (Supplemental Fig. S1E ). In addition, we examined the electrolyte leakage of 3-week-old plants after treatment with 4°C, and there was no difference between the cbf triple mutants and the wild type (Supplemental Fig. S1F ). Together, these results suggest that the CBF genes do not have a major role in chilling tolerance.
The Three CBF Genes Are Critical for Freezing Tolerance
To examine the role of CBF proteins in freezing tolerance, we performed an electrolyte leakage assay for the wild type and cbf triple mutants before and after cold acclimation (4°C, 7 d). For plants without cold acclimation, the EL50 value (the temperature at which 50% of the cellular electrolytes were released due to freezing damage) was 24.8°C for the wild type and about 24°C for both of the cbf triple mutant lines ( Fig. 2A) . For plants after cold acclimation, the EL50 value was 28°C for the wild type and 26°C for the cbf triple mutants (Fig. 2B) . These results suggest that the CBF genes are not only required for cold acclimation-dependent freezing tolerance but also affect basal freezing tolerance. Comparison of the EL50 values of nonacclimated wild-type plants with the cold-acclimated cbf triple mutants indicated that the cbf triple mutants did not completely lose the ability to undergo cold acclimation, suggesting that CBF-independent pathways are also involved in cold acclimation.
To further confirm the roles of CBF genes in cold acclimation, we performed a freezing-survival assay. The cold-acclimated wild-type plants and the cbf triple mutants were treated at 27°C for 1 h, and the number of surviving plants was determined after 5 d of recovery at 23°C. The survival rate for the wild-type plants was about 60%, but for the cbf triple mutants, nearly all plants were dead after the freezing treatment (Fig. 2 , C and D), confirming that CBF proteins are necessary for the freezing tolerance imparted by cold acclimation.
CBF Proteins Are Required for COR Gene Expression
To confirm that COR genes are regulated by CBF transcription factors, we tested the transcript level of four well-known COR genes: RD29A, COR15A, KIN1, and COR47. After treatment of 10-d-old seedlings of the wild type and cbf triple mutants with low-temperature (4°C) for 0, 3, 6, and 24 h, the expression of COR genes was assessed by real-time quantitative RT-PCR. The expression of the four COR genes was dramatically lower in the cbf triple mutants (Fig. 2E) , which indicates that CBF proteins are essential for the regulation of the expression of these four COR genes.
We tested whether the expression of RD29A induced by abscisic acid (ABA), NaCl, and mannitol also depends on CBF proteins. We treated the wild type and cbf triple mutants with ABA for 0, 1, 3, and 6 h and then assessed the expression of RD29A. The result showed that ABA-induced expression of RD29A was partially reduced in the cbf triple mutants but that the reduction was less than cold-induced expression of RD29A (Supplemental Fig. S2A ). Similarly, NaCl-and mannitolinduced expression of RD29A was also partially decreased in the cbf triple mutants (Supplemental Fig. S2 , B and C). These results suggest that although CBF proteins mainly function in the cold induction of RD29A, they are also involved in ABA-, NaCl-, and mannitol-induced expression of RD29A.
Identification of CBF-Regulated Genes
As noted earlier, our findings indicated that CBF proteins are required for the regulation of expression of the four COR genes. To further determine the number of COR genes regulated by CBF proteins, we performed an RNA sequencing assay for both the wild type and the cbf123-1 triple mutant after low-temperature (4°C) treatment for 0, 3, and 24 h. Three biological replicates were performed for each sample at each time point. The RNA-seq data showed that 2,084 genes were up-regulated (q value , 0.05, fold change $ 2) and that 2,003 genes were down-regulated (q value , 0.05, fold change $ 2) in wild-type plants after low-temperature treatment (Supplemental Fig. S3A and Supplemental Table S1 ). These numbers were much greater than those identified by previous microarray assays, which identified 1297 up-regulated genes and 1427 downregulated genes . Comparing the COR genes identified by RNA-seq data and microarray data, 837 (64.5% of the genes identified in microarray data) up-regulated genes and 599 (42% of the genes identified in microarray data) down-regulated genes were identified in both studies (Supplemental Fig. S3B ). We also compared the genes that were induced at an early stage (3 h) and at a late stage (24 h) of lowtemperature treatment in wild-type plants. A total of 377 genes were up-regulated at both 3 h and 24 h, 121 genes were up-regulated only at 3 h, and 1,586 genes were up-regulated only at 24 h. A total of 182 genes were down-regulated at both 3 and 24 h, 96 genes were down-regulated only at 3 h, and 1725 genes were down-regulated only at 24 h (Supplemental Fig. S3C ).
In the cbf123-1 triple mutant, 1,860 genes were up-regulated and 1,799 genes were down-regulated after low-temperature treatment (Supplemental Table  S2 ). Comparison of the transcript profiles between the wild type and cbf123-1 showed that 1,483 (80% of the up-regulated genes in cbf123-1) up-regulated genes and 1,457 (81% of the down-regulated genes in cbf123-1) down-regulated genes were identified in both samples (Fig. 3, A and B) , suggesting that the expression of a large number of COR genes was not affected in the cbf123-1 triple mutant. We further analyzed the genes that were regulated by CBF proteins. Two criteria were used to define CBF-regulated genes: (1) genes had to be up-or down-regulated (fold change of at least 2) after cold treatment for either 3 or 24 h in wild type plants; and (2) genes were either up-or down-regulated (fold change of at least 2) in the cbf123-1 triple mutants compared with wild-type plants. Based on these two criteria, 414 genes were identified as CBF-regulated genes. Among these 414 genes, 346 were considered as CBF-activated and 68 were considered as CBFrepressed genes (Supplemental Table S3 ). Based on the expression data from transgenic plants overexpressing CBF1, CBF2, or CBF3, 133 COR genes were Figure 2 . cbf triple mutants are very sensitive to freezing. A, Electrolyte leakage assay conducted on nonacclimated (NA) Col-0, cbf123-1, and cbf123-2 plants grown at 23˚C. B, Electrolyte leakage assay performed on Col-0, cbf123-1, and cbf123-2 plants after cold acclimation (CA; 4˚C for 7 d). C and D, Freezing survival assay. Col-0, cbf123-1, and cbf123-2 seedlings (48 seedlings for each genotype) were grown on MS medium for 12 d and then transferred to 4˚C for cold acclimation. The acclimated plants were subjected to 27˚C for 1 h before they were transferred to 23˚C for recovery. C shows the phenotype of seedlings before (left) and after (right) freezing treatment. D shows the survival rates of freezing-treated seedlings after 5 d of recovery at 23˚C. The above experiments were performed at least three times with similar results, and results from a representative experiment are shown in A to C. Error bars indicate the SD (A and B, n 5 3; D, n 5 4). Asterisks indicate statistically significant differences (P , 0.05, oneway ANOVA). E, Eight-day-old seedlings of Col-0, cbf123-1, and cbf123-2 were treated at 4˚C for 0, 3, 6, and 24 h. Expression of RD29A, COR15A, KIN1, and COR47 was assessed with quantitative real-time RT-PCR. ACTIN8 was used as the internal control. Error bars indicate the SD of three biological replicates.
previously identified as CBF-activated genes , among which 95 were also identified as CBF-regulated genes in this study (Fig. 3C ). For the remaining 38 CBF regulon genes that were not included in our list of CBF-regulated genes, we reanalyzed their gene expression pattern in the wild type and the cbf triple mutant using a hierarchical clustering approach; the results showed that most of these genes were also lower in the cbf triple mutant under low-temperature conditions (Fig. 3D ). This was also supported by the finding that, when we relaxed the criteria for CBFregulated genes (fold change of at least 1.5), 111 CBF regulon genes found in the previous study were identified in our study as CBF-regulated genes. Thus, the CBF-regulated genes identified by using cbf triple mutants nearly cover the CBF regulon genes identified by constitutive overexpression of CBF genes. Besides, the many more CBF-regulated genes identified in our study will broaden our view of the roles of CBF proteins in the regulation of COR genes. Gene Ontology (GO) enrichment analysis showed that CBF-regulated genes were significantly enriched in the categories of "response to cold", "response to water deprivation," and "response to abscisic acid stimulus" (Supplemental Fig. S4 ).
It is well known that CBF proteins recognize and bind to the CRT/DRE (RCCGAC) motif and regulate downstream COR gene expression (Liu et al., 1998) . We analyzed the CRT/DRE cis-element in the upstream regulatory regions (1,000 bp upstream of ATG start codon) of 346 CBF-activated genes and found that 212 (61.3%) contain the RCCGAC motif, and 71 of them have more than one motif in the promoter regions (Supplemental Table S3 ). An analysis of the location of the RCCGAC motif in the promoter regions showed that this cis-element is enriched in the region 150 bp upstream of start codon ATG (Fig. 3E ). For the remaining 134 CBF-activated genes, no cis-elements significantly enriched in the promoter regions were identified, suggesting that these CBF-activated genes may not be the direct targets of CBF proteins. We also analyzed the CRT/DRE cis-element in the promoter regions of 68 CBF-repressed genes and found that only 10 genes (14.7%) contain the RCCGAC motif. Furthermore, an analysis of the locations of these CBFregulated genes on the chromosomes of Arabidopsis showed that there was no significant distribution preference (Supplemental Fig. S5 ).
Putative Functions of CBF-Activated Genes
The galactinol synthase-encoding gene GOLS3, which has four CRT/DRE regulatory elements in the promoter region, was highly induced by overexpression of CBF1, CBF2, or CBF3 . Here, we found that GOLS3 expression was decreased by about 55-fold in the cbf123-1 triple mutants, relative Figure 3 . Analysis of CBF-regulated genes. RNA-seq was conducted for wild-type plants and cbf123-1 triple mutants after 4˚C treatment for 0, 3, and 24 h. Three biological replicates were performed for each sample at each time point. A, Hierarchical clustering of genes that were up-regulated or down-regulated after exposing wild-type and cbf triple mutants plants to 4˚C for 3 h and 24 h. B, Venn diagrams indicating the number of genes that were up-regulated or down-regulated in both wild-type and cbf triple mutant plants. C, Venn diagram indicating the number and overlap of CBF-activated genes identified by RNA-seq data in this study and the number of CBF-activated genes identified by overexpression of CBF genes in a previous study . D, Heat map showing the expression pattern of 38 CBF regulon genes that were not included in the list of CBF-regulated genes in this study. E, The distribution preference of the CRT/DRE motif in the promoter region of CBF-regulated genes.
to its expression in the wild type. This result confirmed that cold-induced expression of GOLS3 is completely dependent on CBF proteins. In addition to GOLS3, 28 other genes involved in carbohydrate metabolism, including Suc synthase and b-glucosidases, were significantly down-regulated in the cbf123-1 triple mutant ( Fig. 4 ; Supplemental Table S4 ). Another large group of genes regulated by CBF proteins are associated with lipid metabolism, and these include genes encoding GDSL-like lipases and phospholipases. Moreover, 39 transcription factors were identified that were significantly down-regulated in the cbf triple mutants, suggesting that multiple transcriptional cascades are involved in the cold regulatory network. Among these transcription factors, 11 (28.2%) belong to AP2/EREBP-type transcription factors. In addition, seven transcription factors were identified that are involved in hormone (ethylene, gibberellin [GA] , auxin, brassinosteroid, and jasmonic acid)-mediated transcriptional regulation, which links CBF-mediated cold acclimation to hormonal responses. Significantly, genes involved in cell wall modification were also regulated by CBF proteins. These genes encode, for example, plant invertase/pectin methylesterase inhibitor, chitinase, and pectin lyase. This indicates that cell wall modification is involved in cold acclimation. Furthermore, many genes involved in chloroplast process, kinases, transporters, and Ca 2+ signaling were also regulated by CBF proteins (Fig. 4) . Previous studies showed that late embryogenesis abundant (LEA) proteins are involved in the response to freezing (Sasaki et al., 2014; Popova et al., 2015) . Here, five LEA proteinencoding genes were significantly down-regulated in the cbf triple mutants.
Six First-Wave Transcription Factors Are Regulated by CBF Proteins
A previous study showed that, apart from CBF transcription factors, 27 first-wave transcription factors are also up-regulated at an early stage after cold treatment, and one of these transcription factors, ZF, also belongs to CBF regulon genes . Using RNA-seq data, we reanalyzed the expression of these first-wave transcription factors and found that 26 of the genes were significantly up-regulated after 3 h of cold treatment (Supplemental Fig. S6 ). To determine whether CBF proteins are required for the expression of these first-wave transcription factor genes, we analyzed these genes in the cbf triple mutants; the results showed that the expression of six first-wave transcription factors (DEAR1, DREB, ZF, CZF2, ZAT10, and AZF2) was significantly down-regulated in the cbf123-1 triple mutant (Supplemental Table S3 ), suggesting that coldinduced expression of these genes depends at least partially on CBF proteins. However, for the first-wave transcription factors HSFC1, ZAT12, and CZF1, which are extensively involved in the regulation of COR genes (Vogel et al., 2005; Park et al., 2015) , their expression was not affected in the cbf123 triple mutants.
Generation of cbf Single and Double Mutants
To understand the extent of functional redundancy of CBF proteins in the regulation of COR gene expression and freezing tolerance, we also generated cbf single and double mutants using CRISPR/Cas9. One cbf1 mutant line, in which the CBF1 gene was completely deleted, was obtained. Two independent mutant lines of cbf2, named cbf2-1 and cbf2-2, in which a single nucleotide was inserted or deleted in the CDS region, respectively, were obtained. One mutant line of cbf3, in which 15 nucleotides were deleted in the CDS region, was generated. For the cbf1 cbf3 double mutant, three independent mutant lines lacking the whole CDS of CBF1 and the partial CDS of CBF3 were obtained. For the cbf2 cbf3 double mutant, two mutant lines with different nucleotide insertion or deletion in the CDS regions of CBF2 and CBF3 were obtained. All of these point-mutated versions of CBFs lead to premature termination of translation. Detailed information about these cbf mutants is provided in Supplemental Figure S7 . We tried several times to generate a cbf1 cbf2 double mutant using sgRNAs targeted to the CDS regions of CBF1 and CBF2, but we could not obtain mutant lines with pointmutated CBF1, which could be due to the resistance of the CDS region of CBF1 to CRISPR/Cas9-mediated gene editing.
For all of the cbf mutants, we first determined the expression of the three CBF genes after low-temperature treatment for 3 h. For the cbf1 single mutants and cbf1 cbf3 double mutants, in which CBF1 and/or CBF3 were deleted, expression of CBF1 and/or CBF3 was not detectable or dramatically decreased (Supplemental Figs. S8 and S9A ). In either cbf1 or cbf1 cbf3 double mutants, the expression of CBF2 was slightly increased at 3 h after cold treatment. For other point-mutated cbf single and double mutants, the expression of CBF genes was not significantly affected at 3 h after cold treatment (Supplemental Fig. S8 ). The morphologies of these single and double mutants did not significantly differ from that of the wild type ( Fig. 5A ; Supplemental Fig. S9B ).
Redundancy of CBF Genes in the Regulation of COR Gene Expression
As we mentioned earlier, the cold-induced expression of the COR genes RD29A, COR15A, KIN1, and COR47 was dramatically down-regulated in the cbf triple mutants. To assess the degree of redundancy of the three CBF proteins in the regulation of these four COR genes, we treated all cbf mutants with low temperature for 0, 3, 6, and 24 h and tested the expression of these four COR genes using quantitative real-time RT-PCR. Our result showed that the expression of these four COR genes was not affected or was only slightly affected in either the cbf single or double mutants (Fig. 5, B-E) , which suggests that the three CBF proteins are redundant in the regulation of these four COR genes.
CBF2 Is More Important Than CBF1 and CBF3 in Cold Acclimation
To investigate the redundancy of the three CBF proteins in freezing tolerance, we performed electrolyte leakage assays for all cbf mutants before and after cold acclimation (4°C, 7 d). For the plants without cold acclimation, cbf single mutants showed slightly increased ion leakage. cbf1 cbf3 and cbf2 cbf3 double mutants showed more ion leakage than wild-type plants and cbf single mutants, but less than cbf triple mutants (Fig. 6A) . These results indicated that CBF proteins are involved in basal freezing tolerance and that CBF proteins are redundant in this process.
We also investigated the freezing tolerance of plants after cold acclimation. Our results showed that cbf1 and cbf3 single mutants had slightly greater freezing tolerance than the wild type. In contrast, ion leakage was greater for both of the cbf2 mutant lines than for the wild type, suggesting that the mutation of CBF2 increases sensitivity to freezing. Unexpectedly, all three independent cbf1 cbf3 double mutant lines had increased freezing tolerance because less electrolytes were released after freezing treatment. In contrast, the two cbf2 cbf3 double mutant lines were hypersensitive to freezing (Fig. 6B) . To further confirm the freezing phenotype of all of the cbf mutants after cold acclimation, we performed a freezing survival assay for seedlings, and the results of which were consistent with the results of the electrolyte leakage assay. Briefly, survival rate was slightly increased for the cbf1 and cbf3 single mutants, reduced for both of the cbf2 mutant lines, greatly increased for the cbf1 cbf3 double mutants, and substantially reduced for the cbf2 cbf3 double mutants. The survival rate of the cbf2 cbf3 double mutants under freezing was lower than that of the cbf2 single mutants but higher than that of the cbf triple mutants (Fig. 6, C  and D) . Together, these results indicate that all three CBF proteins are positive regulators in basal freezing tolerance and that they appear to play an equal role in this process. Importantly, our results suggest that the three CBF proteins have distinct functions in cold acclimation-dependent freezing tolerance. Both the electrolyte leakage assay and the freezing survival assay showed that CBF2 is more important than CBF1 and CBF3 in cold acclimation-dependent freezing tolerance.
The Expression of CBF2 Is Increased in the cbf1 cbf3 Double Mutant
To understand why cbf1 cbf3 double mutants showed increased freezing tolerance, we performed RNA-seq analysis for the wild type and cbf1 cbf3-1 double mutant after low-temperature treatment for 0, 3, and 24 h (Supplemental Table S5 ). We analyzed the expression of CBF1 and CBF3 and found that these two genes were not induced in cbf1 cbf3-1 double mutants after low-temperature treatment (Supplemental Table S6 ), which confirms that these two genes were deleted in the double mutant. The expression of CBF2 was slightly increased (1.2-fold) in the cbf1 cbf3-1 double mutant compared with the wild type after low-temperature treatment for 3 h. At 24 h of cold treatment, the expression of CBF2 in the cbf1 cbf3-1 double mutant was twice of that in the wild type (Supplemental Table S6 ), suggesting that the cold-induced expression of CBF2 lasts longer in the cbf1 cbf3-1 double mutant. To confirm this result, we determined the expression of CBF2 using real-time RT-PCR in the wild type and all three cbf1 cbf3 double mutant lines after low-temperature treatment for 0, 3, 6, and 24 h. The result showed that CBF2 expression was increased in all three cbf1 cbf3 double mutants, especially after cold treatment for 6 and 24 h (Supplemental Fig. S10 ).
To investigate how CBF-regulated genes may be affected in the cbf1 cbf3 double mutant, we analyzed the expression of all 346 CBF-activated genes. RNA-seq data showed that only eight of the genes were significantly down-regulated (fold change . 2), and only one of the genes was up-regulated (fold-change . 2) in the cbf1 cbf3-1 double mutant (Supplemental Table S7 ), which suggests that the three CBF proteins are redundant in regulating CBF-regulated genes and CBF2 protein alone is enough to induce the transcription of nearly all CBF-regulated genes. Out of the 346 CBFactivated genes, 200 were up-regulated in the cbf1 cbf3 double mutant compared with the wild type, although the increases were less than 2-fold for most of these 200 genes (Supplemental Table S7 ). These results suggest that the increased expression of CBF2 gene and some of the CBF-regulated genes in the cbf1 cbf3 double mutants contributes to the increased freezing tolerance of the double mutants. To examine whether CBF genes are also involved in the response to other abiotic stresses, we examined the phenotype of the cbf triple mutants under salt, osmotic, and drought stresses. Under salt stress, primary root elongation did not significantly differ between the wild type and the cbf triple mutants (Fig. 7, A and B) . However, we found that cbf triple mutants had fewer lateral roots than the wild type under salt stress (Fig.  7A) . After growing on NaCl medium, the leaves of the cbf triple mutants were yellower and smaller than those of the wild type (Fig. 7A) . Quantitative measurement of the fresh weight of seedlings showed that the growth of cbf triple mutants was more inhibited under salt stress (Fig. 7C) . In addition, the seed germination of cbf triple mutants was more inhibited under salt stress (Fig. 7D) . . CBF proteins are redundant in plant development and in the regulation of COR gene expression. A, Plants were photographed after they were grown in a greenhouse at 23˚C and with a 15-hlight/9-h-dark regime for 4 weeks. B to E, Expression of RD29A, COR15A, KIN1, and COR47 genes in 8-d-old seedlings that were treated with 4˚C for 0, 3, 6, and 24 h. Expression was assessed with quantitative real-time RT-PCR, and AC-TIN8 was used as the internal control. Error bars indicate the SD of three biological replicates.
These results suggest that the three CBF genes play a role in salt tolerance. Under osmotic stress induced by mannitol, however, the assessed phenotypes did not significantly differ between the cbf triple mutants and the wild type (Fig. 7, A and B ). According to a water loss assay and a drought survival assay, drought resistance did not significantly differ between the cbf triple mutants and the wild type (Supplemental Fig.  S11 ). Furthermore, we also observed the growth of cbf single and double mutants on salt medium and found that salt tolerance was unaffected in these mutants (Supplemental Figs. S9C and S12).
DISCUSSION
Three CBF proteins play prominent roles in cold acclimation in Arabidopsis, which enables plants to increase their tolerance to freezing (Thomashow, 1999) . Because of a lack of stable loss-of-function cbf mutants, the extent of contribution of CBF genes to freezing tolerance was not fully understood. In this study, we used the CRISPR/Cas9 technology to generate cbf single, double, and triple mutants, which made it possible to comprehensively study the roles of CBF proteins in development, freezing tolerance, chilling response, and regulation of COR gene expression. These mutants also enabled us to study the functional redundancy of the three CBF proteins in these processes.
The potential involvement of CBF proteins in plant development was indicated by the finding that overexpression of either CBF1, CBF2, or CBF3 retarded growth and delayed flowering (Gilmour et al., 2000 (Gilmour et al., , 2004 Park et al., 2015) . These effects were due to the accumulation of DELLA proteins via the reduction of GA level by increased expression of GA-inactivating GA 2-oxidase genes (Achard et al., 2008) . Our study showed that the cbf single and double mutants lacked significant morphological phenotypes but that the cbf triple mutants germinated and grew more slowly than the wild type, which suggests that CBF proteins affect seedling development and that the three CBF proteins are redundant in the regulation of development. However, the growth of the cbf triple mutants was less affected than that of transgenic plants that constitutively overexpress CBF genes. We suspect that constitutive overexpression of CBF genes to some extent mimics the cellular response to low temperatures, which induces the expression of downstream COR genes and inhibits plant growth. Apart from development, our study showed that the CBF genes are also involved in the response to salt stress, which suggests that CBF proteins have broad roles in abiotic stress responses (Supplemental Fig. S13 ).
For freezing-sensitive plants, the expression of CBF genes is increased after low-temperature treatment, but the up-regulation of CBF genes and downstream COR genes does little to increase freezing tolerance (Carvallo et al., 2011) , which suggests that the increased expression of CBF genes in freezing-sensitive plants may play a role in chilling tolerance. In Arabidopsis, CBF genes have been well known to be involved in cold acclimation, but whether they may be important for chilling tolerance has been unclear. A previous study showed that disruption of the RNA helicase-encoding gene LOS4 leads to the down-regulation of CBF genes and downstream COR genes and increased sensitivity to chilling stress, which suggests that CBF proteins are also involved in chilling tolerance in plants (Gong et al., 2002) . In rice (Oryza sativa), mutation of COLD1, which encodes a regulator of G-protein signaling, leads to reduced CBF gene expression and increased sensitivity to chilling . Two other studies showed that overexpression of Arabidopsis CBFs in chillingsensitive plants, such as tomato (Solanum lycopersicum) and rice, can increase chilling tolerance (Hsieh et al., 2002; Oh et al., 2005) . In this study, however, wild-type plants and cbf triple mutants did not differ in their sensitivity to chilling (4°C) in terms of electrolyte leakage or growth inhibition. A difference detected was that the petiole length was longer for the cbf triple mutants than for the wild-type plants after growing on MS medium under chilling conditions. Additionally, the roots of cbf triple mutant seedlings are shorter when grown under warm temperature but not shorter when grown under prolonged cold temperature, compared to the wild type. These observations could be explained by the possibility that some COR genes that have a growth suppressing role are induced under low temperature in wild-type plants but not in the cbf triple mutants. Because CBF proteins regulate only about 10% of COR genes, the sensitivity of los4 mutant plants to chilling could be due to the impairment of the expression of COR genes that are independent of CBF proteins. Alternatively, the chilling sensitivity of los4 mutant plants may involve a function of LOS4 that is independent of its role in regulating COR gene expression. CBF genes from Arabidopsis increase the chilling tolerance of tomato and rice; this may be because the chilling tolerance in the recipient species is more limited by CBFdependent genes.
Constitutive overexpression of CBF1, CBF2, or CBF3 increases the freezing tolerance of nonacclimated plants (Jaglo-Ottosen et al., 1998; Gilmour et al., 2000) . Furthermore, overexpression of a truncated version of CBF2, which imparts dominant-negative effects on the activity of the CBF-CRT/DRE regulatory module, reduces the Figure 7 . The cbf triple mutants are sensitive to salt stress but not to osmotic stress. A, Growth of Col-0, cbf123-1, and cbf123-2 plants on MS, NaCl (100 mM), and mannitol (200 mM) media. The seedlings were first grown on MS medium for 3 d after germination before they were transferred to the treatment media. Seedlings were photographed after 10 d of growth on the treatment media. B, Relative root length of Col-0, cbf123-1, and cbf123-2 plants after the plants were grown on MS, NaCl (100 mM), and mannitol (200 mM) media. The root length of wild-type plants on each medium was set to 1. C, Relative fresh weight of Col-0, cbf123-1, and cbf123-2 plants after the plants were grown on MS and NaCl (100 mM) media. The fresh weight of wild-type plants on each medium was set to 1. D, Germination of Col-0, cbf123-1, and cbf123-2 on MS and NaCl (100 mM) media. Germination was assessed on each medium when the germination of wild type reached 100%. Asterisks indicate statistically significant differences (P , 0.05, one-way ANOVA).
freezing tolerance of cold-acclimated plants . These results suggest that CBF proteins are positive regulators of cold acclimation. In this study, both the electrolyte leakage assay and the freezing survival assay showed that the cold-acclimated cbf triple mutants are much more sensitive to freezing than the coldacclimated wild-type plants, adding strong support that CBF proteins are necessary for in cold acclimation. However, the cbf triple mutants do not completely lose their cold acclimation ability, indicating that CBFindependent pathways also contribute to cold acclimation. CBF-independent pathways may involve other first-wave transcription factors, such as HSFC1, ZAT12, and CZF1 (Vogel et al., 2005; Park et al., 2015) .
The effect of CBF proteins on the freezing tolerance of nonacclimated plants remains poorly understood. One study showed that silencing of CBF1, CBF3, or CBF1 and CBF3 together did not affect the freezing tolerance of nonacclimated plants (Novillo et al., 2007) . Another study showed that overexpression of a dominantnegative version of CBF2 had little effect on the freezing tolerance of nonacclimated plants . These studies suggested that CBF proteins have a minor role in basal freezing tolerance. We found that nonacclimated cbf double and triple mutants were more sensitive to freezing than wild-type plants, suggesting that CBF proteins are also involved in basal freezing tolerance. Our data also showed that the three CBF proteins are redundant in the regulation of basal freezing tolerance. The roles of CBFs in basal freezing tolerance as well as in seedling development and salt tolerance are consistent with previous observations that CBF genes and some COR genes are expressed even without cold treatment and are regulated by circadian rhythm (Harmer et al., 2000) . Novillo et al. (2004) found that a cbf2 T-DNA insertion mutant displayed increased tolerance to freezing, which was due to the increased expression levels of CBF1 and CBF3, followed by the up-regulation of downstream COR genes, such as COR15A, COR47, and KIN1 (Novillo et al., 2004) . The study by Kim et al. (2015) indicated that the T-DNA insertion mutation in CBF2 gene only increased the expression of CBF3, but not CBF1 gene. Chromatin immunoprecipitation assays indicated that CBF2 does not directly bind to the promoter region of CBF3. In addition, another study showed that the expression of COR15A gene was not affected in the cbf2 T-DNA insertion mutant after a cooling treatment (shifting from 28°C to 22°C; Wang and Hua, 2009) . Our data indicate that the expression of CBF1 and CBF3 was not significantly affected in two independent cbf2 mutant lines generated by CRISPR/Cas9. These results suggest that the previously reported cbf2 T-DNA insertion mutant may be more complicated than it appeared. The study by Alonso-Blanco et al. (2005) showed that down-regulation of CBF2, caused by deletion of the promoter region of CBF2 in the Cape Verde Islands ecotype, reduced the expression of several CBF target genes and reduced freezing tolerance. A recent study indicated that an Arabidopsis ecotype collected from Italy (IT) had reduced freezing tolerance because the CBF2 gene in the IT plants encodes a nonfunctional protein (Gehan et al., 2015) . Constitutive overexpression of CBF2 increased the freezing tolerance of nonacclimated plants (Gilmour et al., 2004) . These studies suggest that the CBF2 protein is a positive regulator of freezing tolerance. In our study, two independent cbf2 mutant lines had significantly lower freezing tolerance than wild-type plants after cold acclimation, even though several tested COR genes, including COR15A, was not affected. Our results support that the CBF2 protein is a positive regulator of freezing tolerance.
Our study indicated that the CBF2 protein is more important than CBF1 and CBF3 in cold acclimationdependent freezing tolerance. This conclusion is supported by the finding that the cbf2 single mutant, the cbf2 cbf3 double mutants, and the cbf123 triple mutants but not the cbf1 or cbf3 single mutants or the cbf1 cbf3 double mutants had increased sensitivity to cold acclimation-dependent freezing tolerance. The conclusion is also consistent with a previous study in which constitutive overexpression of CBF2 caused greater accumulation of Pro and sugar than constitutive overexpression of CBF1 and CBF3, and in which the freezing tolerance of nonacclimated plants was increased more in CBF2 overexpression plants than in CBF1 overexpression plants (Gilmour et al., 2004 ). An earlier study showed that cbf1/cbf3 antisense lines were sensitive to freezing after cold acclimation (Novillo et al., 2007) . In our study, the three independent cbf1 cbf3 double mutants, in which CBF1 and partial CDS regions of CBF3 were deleted, all had significantly increased tolerance to freezing after cold acclimation. RNA-seq data and qRT-PCR analysis both showed that CBF2 gene expression is increased in cbf1 cbf3 double mutants, especially after cold treatment for 6 and 24 h. The result suggests that CBF1 and CBF3 may negatively affect the gene expression of CBF2. In addition, RNA-seq data showed that 200 CBF-activated genes are up-regulated in the cbf1 cbf3 double mutant compared to the wild type. In summary, our results showed that the three CBF proteins are required for acclimation-dependent freezing tolerance and also contribute to basal freezing tolerance. The three CBF proteins have similar roles in basal freezing tolerance, but CBF2 is more important than CBF1 or CBF3 in acclimation-dependent freezing tolerance (Supplemental Fig. S13 ).
COR genes have previously been identified by extensive transcriptome profiling based on microarray assays (Seki et al., 2001 Lee et al., 2005; Vergnolle et al., 2005; Park et al., 2015) . In this study, we used RNA-seq to analyze cold-responsive genes and identified 4,087 COR genes, which is nearly twice the number identified from microarray data. By analyzing the gene expression in transgenic plants overexpressing CBF1, CBF2, or CBF3, Park et al. (2015) identified 172 CBF regulon genes. In this study, we compared the gene expression between wild-type plants and cbf triple mutants and found 414 genes that are putatively regulated by CBF proteins; this number is much higher than that identified previously. One probable reason is that the expression of some COR genes is not affected by the overexpression of CBF genes but is significantly affected in cbf triple mutants. Importantly, the CBFregulated genes identified in this study include most of the CBF regulon genes identified previously, which indicated that CBF-regulated genes identified in our study are reliable. The additional CBF-regulated genes identified in this study will help us further understand CBF-regulated cellular processes that contribute to freezing tolerance.
An analysis of the functions of the CBF-regulated genes indicated that many are involved in sugar metabolism and lipid metabolism, which is consistent with the findings from metabolomic studies that lowtemperature treatment or overexpression of CBF3 leads to the accumulation of Glc, inositol, galactinol, raffinose, and Suc (Gilmour et al., 2000; Taji et al., 2002; Cook et al., 2004) . Remarkably, 39 transcription factors that are regulated by CBF proteins were identified, which suggests that transcriptional cascades are involved in cold acclimation and that many of the CBF-regulated genes are probably directly regulated by these transcription factors. Several CBF-regulated transcription factors are associated with hormonemediated transcriptional regulation, which provides a link between cold stress and the regulation of hormonal responses and between cold tolerance and growth and development. Another group of CBF-regulated genes that have not previously been emphasized are those involved in the modification of cell walls. Our data showed that 15 cell wall-related genes were induced by low temperature but were significantly downregulated in the cbf triple mutants. These genes encode plant invertase/pectin methylesterase inhibitor superfamily proteins, chitinase, and pectin lyase-like proteins, which are mainly involved in the degradation of cell wall components. This suggests that degradation of cell wall components could be beneficial for plants to survive freezing conditions. Other components that are regulated by CBF proteins include kinases and Ca 2+ signaling related proteins, which are probably important for cellular signaling under cold conditions.
The three CBF proteins have been shown to be redundant in the regulation of COR genes . Quantitative real-time RT-PCR demonstrated that four COR genes, RD29A, COR15A, KIN1, and COR47, are drastically down-regulated in the cbf triple mutants. RNA-seq data showed that 59 other genes were down-regulated by more than 5-fold in the cbf triple mutants, suggesting that the three CBF genes are essential for the regulation of these COR genes. Although RD29A, COR15A, KIN1, and COR47 were greatly down-regulated in the cbf triple mutants, their expression was not affected or was only slightly affected in the cbf single and double mutants. In generally, the expression level of these four COR genes is correlated with the freezing tolerance level. However, there are some potential complications. For example, disruption of a DEAD box RNA helicase led to increased expression of RD29A and COR15A but caused hypersensitivity to chilling and freezing (Guan et al., 2013) . Our results showed that although these four COR genes are not greatly affected in the cbf2 single mutants and cbf2 cbf3 double mutants, these two mutants still had increased sensitivity to freezing after cold acclimation, which suggests that the down-regulation of other COR genes may cause the hypersensitivity of the cbf2 single and cbf2 cbf3 double mutants to freezing.
MATERIALS AND METHODS
Plant Materials and Growth Conditions
The plants used in this study are all in Col-0 background. cbf single, double, and triple mutants were generated by CRISPR/Cas9 technology. The mutation sites of cbf mutants were confirmed by PCR approach and Sanger sequencing. The mutation details of cbf mutants are described in Figure 1 and Supplemental Figure S7 . Plants were grown at 23°C with long-day light cycle (16 h light/8 h dark).
Construction of Plasmids
The plasmids for CRISPR were designed according to the protocol described previously . Briefly, two complementary oligonucleotides targeted to the 59UTR and 39UTR of CBF1, CDS regions of CBF2 and CBF3, were synthesized. These four oligo pairs were annealed to generate double-strand DNA, which was cloned into the BbsI site of either 18T-U6-sgR-Cas9 or 18T-U3b-sgR-Cas9 vector to generate 18T-U6-sgR-CBF1 59UTR-Cas9, 18T-U6-sgR-CBF1 39UTR-Cas9, 18T-U6-sgR-CBF2-Cas9, 18T-U3b-sgR-CBF2-Cas9, and 18T-U3b-sgR-CBF3-Cas9. For the construct used to edit the CBF1 gene, PCR was performed to amplify the U6-sgR-CBF1 39UTR fragment using 18T-U6-sgR-CBF1 39UTR-Cas9 vector as template. The PCR product and 18T-U6-sgR-CBF1 59UTR vector were digested with KpnI and EcoRI, respectively. The digested products were ligated to generate 18T-U6-sgR-CBF1 59UTR+U6-sgR-CBF1 39UTR-Cas9, which was finally integrated into the binary vector pCambia1300 using HindIII and EcoRI restriction sites. For construct used to edit CBF2 or CBF3 gene, 18T-U3b-CBF2-Cas9 or 18T-U3b-CBF3-Cas9 was digested with HindIII and EcoRI and ligated with pCambia1300. For the construct used to simultaneously edit CBF1 and CBF3 genes, the U6-sgR-CBF1 59UTR and U3b-sgR-CBF3 fragments were amplified from 18T-U6-sgR-CBF1 59UTR-Cas9 and 18T-U3b-sgR-CBF3-Cas9 vectors, respectively. The U6-sgR-CBF1 59UTR fragment was digested with HindIII and XhoI, and U3b-sgR-CBF3 fragment was digested with XhoI and XmaI. Both digested products were ligated with 18T-U6-sgRNA-Cas9 vector, which was digested with HindIII and XmaI, to generate the 18T-U6-sgRNA-CBF1 59UTR+U3b-sgRNA-CBF3-Cas9 construct. The U6-sgRNA-CBF1 39UTR fragment was then amplified from 18T-U6-sgRNA-CBF1 39UTR vector and ligated with 18T-U6-sgRNA-CBF1 59UTR+U3b-sgRNA-CBF3-Cas9 using KpnI and EcoRI restriction sites to generate 18T-U6-sgRNA-CBF1 59UTR+U3b-sgRNA-CBF3+U6-sgRNA-CBF1 39UTR-Cas9, which was integrated into pCambia1300 using HindIII and EcoRI restriction sites. For the construct used to simultaneously edit CBF2 and CBF3 genes, U6-sgR-CBF2 and U3b-sgR-CBF3 fragments were amplified and digested with HindIII/XhoI and XhoI/XmaI, respectively. Both digested products were ligated with 18T-U6-sgRNA-Cas9 (digested with HindIII and XmaI) to generate 18T-U6-sgRNA-CBF2+U3b-sgRNA-CBF3-Cas9, which was integrated into pCambia1300 using HindIII and EcoRI restriction sites. For the construct used to simultaneously edit CBF1, CBF2, and CBF3 genes, U6-sgRNA-CBF1 59UTR and U3b-sgRNA-CBF2 fragments were amplified from 18T-U6-sgR-CBF1 59UTR-Cas9 and 18T-U3b-sgR-CBF2-Cas9 vectors, respectively. The U6-sgRNA-CBF1 59UTR fragment was digested with HindIII and XhoI, and U3b-sgRNA-CBF2 fragment was digested with XhoI and XmaI. Both digested products were ligated with 18T-U6-sgRNACas9, which was digested with HindIII and XmaI, to generate 18T-U6-sgRNA-CBF1 59UTR+U3b-sgRNA-CBF2-Cas9 construct. The fragments of U6-sgR-CBF1
Germination and Plant Growth Assay
To test seed germination, around 120 seeds were surface-sterilized and placed on MS medium. The seeds were stratified for 3 d and then transferred to a chamber with 23°C. The seed germination was assessed after 2 d. To measure root length of seedlings, the seeds were germinated on MS medium. After 3 d, the seedlings were transferred to MS, NaCl, or mannitol medium for further growth. Fifteen seedlings were used to measure the root length. To evaluate plant growth, 4-week-old plants were used to analyze the number of leaves of each plant, the fresh weight, and leaf area. Statistical analysis was performed by using SPSS statistical software, and LSD was used to compare the mean separation significance among each genotype.
Quantitative Real-Time PCR Analysis
For low-temperature-induced gene expression analysis, 10-d-old seedlings grown on MS medium were treated with 4°C. Total RNA was extracted from whole seedlings using the TRIzol reagent (Invitrogen; Cat. No. 15596-018) according to the manufacturer's instructions. The quantity and quality of RNA was evaluated by Nanodrop spectrophotometer (Thermo Scientific). cDNA was synthesized from 2 mg total RNA using a reverse transcription system (Promega). Synthesized cDNA was used as a template for quantitative real-time PCR using PerfeCTa SYBR Green Fastmix (Quanta Biosciences). Primers used for qRT-PCR are shown in Supplemental Table S8 . The relative expression levels of CBF genes were determined by normalizing to the levels of ACTIN. First, the Ct values from both ACTIN and CBF genes were calculated by the formula POWER (2, -Ct) and then the obtained values of CBF genes were divided by the value of ACTIN to get the relative expression level.
Chilling Tolerance Assay
Three-day-old seedlings grown on MS medium were transferred to incubator with 4°C under constant light. The root length of plants was measured after 45 d treatment and the length of petioles were scored after 3 months. For plants grown in soil, 3-week-old plants were treated with low temperature (4°C) under constant light. The phenotype of plants was detected after 2 months. Electrolyte leakage assay was conducted as described with minor modification (Dong et al., 2006) . Three-week-old plants grown under standard condition were transferred to a cold room with 4°C. Three rosette leaves were detached from each plant at the indicated time point and transferred to tubes with 15 mL of deionized water. Four biological replicates were performed. The conductivity of solution was measured after shaking overnight at room temperature. After measurement, the solution was autoclaved and shaken for additional 2 h, and the conductivity of solution was measured again. Finally, the percentage of electrolyte leakage was calculated by comparing the conductivity before and after autoclaving.
Freezing Tolerance Assay
Electrolyte leakage assay and survival assay were used to determine the freezing tolerance of plants in this study. The electrolyte leakage assay was performed according to the protocol described previously (Guo et al., 2002) . Briefly, 3-week-old plants grown in soil were treated with or without cold acclimation (4°C, 7 d) before subjected to freezing treatment. A fully developed rosette leave was excised and placed in a small tube containing 100 mL deionized water. Three replicates were performed for each plant at each temperature point. A similar size of ice chip was added to each tube and the tube was immediately incubated in a freezing bath (model 1187; VWR Scientific) with temperature at 0°C. After placing all the tubes in the freezing bath, the program was run with 1°C decrements every 30 min until reaching to 29°C. The tubes were removed from the freezing bath when the experimental temperatures were reached and placed on ice to allow gradual thawing. The leaves and solutions were then transferred to large tubes with 25 mL deionized water. The tubes were gently shaken overnight, and the conductivity of solutions was measured. The tubes were then autoclaved at 121°C for 20 min. The autoclaved solutions were shaken for additional 3 h before the conductivity was measured again. Finally, the ratio of conductivity before and after autoclaving was calculated.
For freezing survival assay, 12-d-old seedlings grown on the MS medium were treated with cold acclimation for 7 d at 4°C before freezing treatment. The freezing treatment was performed in a freezing incubator with the following program: the temperature was set at 4°C and dropped to 0°C within 30 min and then the temperature was dropped 1°C every 1 h until reaching to the designated temperature. After treatment, the plates were transferred at 4°C for 12 h in the dark and then the seedlings were recovered at 23°C for 5 d, at which time the survival rates were counted.
Analysis of RNA-Seq Data
Reads of RNA-seq data were mapped to Arabidopsis reference genome (TAIR10) using TopHat (Trapnell et al., 2012) . Differentially expressed genes were identified using cuffdiff in Cufflinks. Differentially expressed genes were defined based on the following criteria: q-value , 0.05 and at least 2-fold change of expression level compared with control samples. The criteria to identify CBFregulated genes are as follows: (1) The genes were up-or down-regulated in either 3 or 24 h wild-type plants compared to 0 h wild-type plants; and (2) the genes were up-or down-regulated in either 0, 3, or 24 h in the cbf triple mutants compared with that in wild-type plants.
GO enrichment analysis was performed by AgriGO (Du et al., 2010) . The histogram was generated using R (https://www.r-project.org/). AME (Analysis of Motif Enrichment) in the MEME Suite was used to investigate whether the CRT/DRE motif (RCCGAC) is enriched in the 1-kb promoters of the CBF-regulated genes (McLeay and Bailey, 2010) . CentriMo (Local Motif Enrichment Analysis) was explored to identify the significant preference of the locations of CRT/DRE motif in the promoters of CBF-regulated genes (Bailey and Machanick 2012) .
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